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Borromeo’s rings of HF production in small and large systems

Motivation for this talk: Understanding HF and quarkonia in pp is a pre-requisite for using these
hard probes in AA (including collectivity effects)
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Methods

EPOS4: state of the art framework that encompass pp, pA and AA collisions
https://klaus.pages.in2p3.fr/epos4/



EPOS initial conditions

EPOS4 : state of the art framework that encompass pp, pA and AA collisions

Incoming nucleons

EPOS (initial conditions): = —
* Model based on Gribov-Regge multiple pomeron interactions N
e Particle production (including HQ, from EPOS 3 on) in cut (semi- SLC:"‘%;_;_;'-“' ,.J\

hard) pomerons, seen as partons ladder
* Space like DGLAP evolution with hard Born process

e Soft particles form a flux tube (string, with its own dynamics, J
incl. string breaking)... lots of them in A-A

* Slow string segments (pre-hadrons), far from the surface, are
mapped to fluid dynamic fields

» Hard particles (kinky string) -> jets low x ":SL.W

partons J SEXY

Ref: K. Werner, lu. Karpenko, M. Bleicher, T. Pierog, and S. Porteboeuf-Houssais Phys. Rev. C 85
(2012), 064907 + many refs in 2023 (https://klaus.pages.in2p3.fr/epos4/)




EPOS initial conditions

Simple but efficient initial-stage in EPOS : Core-Corona picture

» If the energy loss is bigger than the energy of the prehadron, it is
considered to be part of the “core”

» If the energy loss is smaller than the energy, the prehadron escapes,
it is called “corona”

» Core: VHHLE hydrodynamics; Corona: hadronic phase

L EPOS 4.0.0

core fraction
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The energy density is larger than the critical energy density €, —> deconfined QCD matter and hydro evolution



Methods

EPOS4: state of the art framework that encompass pp, pA and AA collisions
https://klaus.pages.in2p3.fr/epos4/

One Novelty in EPOS4: Curing the factorization issue paralle] Factorzation
scattering binary scaling

P X

energy
conservation

- | saturation

K. Werner. arXiv: 2301.12517



EPOS4 for small systems

EPOSA4: state of the art framework that encompass pp, pA and AA collisions

=> Go and look in pp
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The energy density is larger than the critical energy density €, —> deconfined QCD matter in pp as well !

=> In EPOS4, QGP droplet is one of the ingredients of collectivity



Improved HF production in EPOS4

Initial production of heavy quarks through K. Werner, B. Guiot, Phys.Rev.C 108 (2023) 3, 034904
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Includes the 3 basic mechanisms present in other MC generator like Pythia

Gluon splitting  Flavor excitation  Flavor creation (LO)
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TLC SLC Born



HF production in pp

See K. Werner. arXiv: 2306.02396
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never the leading process the leading process from 5 GeV on

N.B. : Some overshooting of the FONLL uncertainty band below 1 GeV, but very good agreement at large pr where FONLL is
best justified



Methods

EPOS4: state of the art framework that encompass pp, pA and AA collisions
https://klaus.pages.in2p3.fr/epos4/

One Novelty in EPOS4: Curing the factorization issue

Passing the relay baton so the HQ Eloss component 20

27T D,

Elastic + radiative Eloss

+ + Recent |IQCD data
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The coalescence + fragmentation hadronization
When the local energy density is lower than the critical value (T~165MeV)

Heavy quarks hadronize via coalescence + fragmentation in EPOS4HQ!

N EPOS4 with only string fragmentation
P; )

ﬁ—gHZ[H(z )3f(ll';) H(Plv"p‘)a@( Z

i=1

J. Zhao’s
for fragmentation (HQET based fragmentation function) work

I - Pcoal.

We include almost all hadrons (missing baryons predicted by the potential
model; 17D,10D ,38A\ ,54%. ,92= ,54€) ; except the rare HF hadrons)

Ground states Wigner density: W (p,) = (2y/mo)% 2 P~ Width is given by the potential model
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After hadronization, evolution in hadronic phase —> UrQMD 11




Hadrons yield in pp

Heavy flavor as a probe of hot QCD matter produced in proton-
proton collisions

Jiaxing Zhao, Joerg Aichelin, Pol Bernard Gossiaux, and Klaus Werner
Phys. Rev. D 109, 054011 — Published 6 March 2024

i R
10—2 ;_pp. syn = 5.02TeV, |y|<0.5

PP. 4 Snn = 5.02TeV, |y|<0.
e ALICE, D
—_— EPOS4HQ, D*

R
PP, A Ssnn = 5.02TeV, |y|<0.5 _]

e ALICE, D,
—— EPOS4HQ,D; —

e ALICE,D°
—— EPOS4HQ, 0°

[(GeV/c)™]

af ]

% = 5 I
$ O T -

(75) N _% 3
NS =T ]
Q Q pd E —— charm at creation E
A @ = I — — charm before Hadronization ]
@Q 10_? fi_ ——— | ——— | ——— | ——t— H—t—t+—+— | ——— | ——— | —+—+— —+—+— | —t—— | ——— | ﬁ:f
10-2 - pp. \/Sw =5.02TeV, |y|<0.5 PP, \Sny = 5.02TeV, |y|<0.5 pp. \sun = 5.02TeV. |y|<0.5 ]

e ALICE, A, |y|<0.5
= CMS, A, |y|<1.0
m— EPOS4HQ, A,

e ALICE, =2
m— EPOS4HQ, =0

-

._.
o
b

= EPOS4HQ, 0, —

dN / dpydy [(GeV/e)™]
=

5 10 15 200 5 10 15 200 5 10 15 20

pr (GeV/e) pr (GeV/c) pr (GeV/c)

f—
o
4

Good agreement in the pp sector, essentially due to the coalescence + fragmentation hadronization

12



Yield ratios in pp
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The coalescence + fragmentation hadronization is also successful in describing the yield ratio between
charmed baryon to meson !

See as well : M. He and R. Rapp, Phys. Lett. B 795, 117 (2019), V. Minissale, S. Plumari, and V. Greco, Phys. Lett. B 821, 136622
(2021), H.-h. Li, F.-I. Shao, and J. Song, Chin. Phys. C 45, 113105 (2021), A. Beraudo, A. De Pace, D. Pablos, F. Prino, M. Monteno, and M.

Nardi, arXiv:2306.02152



Yield ratios in pp (vs N,)
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The yield ratio increase with centrality is correlated with the fraction of c quarks which interact with the
QGP droplet



| | I
PP, sy = 13TeV, |y|<1
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EPOS4HQ describes well the elliptic flow of D meson !

Clear sign of momentum redistribution during the short evolution
(only comes through the v, in pp)

Little effect of the hadronic stage

See as well : A. Beraudo, A. De Pace, D. Pablos, F. Prino, M. Monteno,
and M. Nardi, arXiv:2306.02152



Azimuthal distributions in pp
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Recap : HF in pp

observable HQ energy loss in QGP
Hadron pt spectra Little effect

Hadron yield ratios Little effect

v2 LARGE effect

Azimuthal correlations Little effect

According to EPOS4-HQ: Everything consistent with the production of a short-lived QGP in most active

pp collisions at LHC

OHF ~ under control ; adding the quarkonia component...

Coalescence in the
presence of a QGP droplet

LARGE effect

LARGE effect

Little effect

Little effect

17



Quarkonia formation in pp: a disputed topic
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4+ Color evaporation model (CEM) : memory loss initial cc for
invariant mass and color R.vogt, V. Cheung, Y. Ma, H. Fritzsch, ...

4+ Color singlet model (CSM) : gluon emission according to pQCD
C.H. Chang, E. Berger, D. Jones, R. Baier, ...

4+ Color octet model ( COM) G.T. Bodwin, E. Braaten, T.C. Yuan, G. Lepage,...
+ Non-relativistic QCD model (NRQCD eff. theory) : memory loss in

the invariant mass v Ma. H.S. Shao, K.Chao, R. Venugopala, M.Butenschoen, B.Kniehl , C.H.
Chang, J. Wang...

+ Wigner density matrix formalism : memory loss in color space .
Song, Jiaxing Zhao, PBG, E. Bratkovskaya, J. Aichelin, ... 18



Quarkonia formation: Nantes + Frankfurt approach

p (3:1%%

I/- 1]
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Perturbative part production

in PYTHIA or EPOS4
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Quarkonia formation in pp: Nantes + Frankfurt approach

Early success of the Wigner projection method (with PYTHIA)

10"
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More recent success with Y states :
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Taesoo .S, J.Aichelin and E.Bratkovskaya , PRC 96. 014907 (2017)

Adding the various decays, one can reproduce
the experimental data up to high p;

T. Song, J. Aichelin, J. Zhao, P.B. Gossiaux, E. Bratkovskaya, PRC 108, 054908 (2023)

Y(nS)inp+p @ 5.02 TeV (Jy|<2.4)
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Quarkonia formation in pp: Nantes + Frankfurt approach
The role of the different contributions to the quarkonium production (EPOS4-HQ !!!)
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Quarkonia formation in pp: Nantes + Frankfurt approach
The role of the different contributions to the quarkonium production (EPOS4-HQ !!!)
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Quarkonia formation in pp: Nantes + Frankfurt approach
The role of the different contributions to the quarkonium production (EPOS4-HQ !!!)
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Borromeo’s rings of HF production in small and large systems

Crucial to consider all facets of the problem, as in the new EPOS4-HQ framework

2° 22 HF production
and

/ <> correlations

** Open Heavy Flavors
and
2* Quarkonia

Energy loss 2°
and
coupling with QGP ‘£

Hadronization 2% 2°

Deep link between HQ correlations and quarkonium production in the Wigner

projection approach: opens new interesting perspectives 24
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One Novelty in EPOS4: Curing the factorization

K. Werner. arXiv: 2301.12517
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One Novelty in EPOS4: Curing the factorization
Issue
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» which perfectly warrant the factorization at large p;; one
recovers binary scaling (generalized Abramovskii Gribov Kancheli |,
theorem).

» Forlarge N_,,,, low p; is suppressed
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One Novelty in EPOS4: Curing the factorization
Issue

£ £ POPbS.02TeV 0-5% Ryeform: Depletion
g - of the high
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10
- 0 10 20 30 40 50 60 70 80 90 100
» Forlarge N_,,,, low p; is suppressed transv. momentum p, (Ge V/c)

PbPb 5.02 TeV




Full EPOS4: checking multiplicity dependencies

ratio to

10

10

and <p
continuous curve jump
- EPOS 4.0.0 ALICE (black) ’;: - EPOS 4.0.0 ALICE (black)
- Q v B Q
3 2
-2 S rp—r— e L 1 T — o’
= Pl i - pp ,:::: PbPb
L 7 ®
L ® — r 4
ey S sl AT odoe
B b ¢ CO+CO I Ao
eese COrona - % / o o*
- —e=ecore o b o
4| ettt eeety ge00000 R full
= PP PbPb - «ee Corona
- B —e=so COTE
_ | II||I|I| l ||II|||| ,}l II|III|| ‘-',l 05_I |II|||I| | I|II|I|| 2I II||III| ‘-',l
1 10 10~ 10° 1 10 10 107
<dn_/dn(0)> <dn_ /dn(0)>

Affected by:

> core-corona
> microcanonical
> hadronic cascade (UrQMD)

> Saturation
> Flow
» core-corona
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g - EPOS 4.0.0 ALICE (black) E | EPOS 4.0.0 ALICE (black)
e f 2l = A
E i E - pp PbPb
- _.._..—.--: |-1=- - : __.___._.._..q} wn i) mu i) o ) oy D o mn B mm Dum H |
i Wdﬁoﬁio---o-tl - ¢ e x
0 £ PP PbPb I AL Y Y TYY Y L LI LIl
- 2
- e {1111 10 = full
B CO4CO E CoO4+CO Cﬂntinuous
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10 - | |||||||| | |||||||| | |||||||| | | |||||||| | |||||||| | |||||||| |
I 10 10° 0° I 10 10° 10 Affected bv:
<dn_/dn(0)> <dn_/dn(0)> ecte y
S | EPOS4.0.0 ALICE (black) | ¢ [ EPOS40.0 _ ALICE(black) | core-corona
o P o 2 =
Z0'L 210 = PbPb ) )
- - Cememt—t =OHOmOmOmOmMOmOmS = C _.-.--""'" -._-_T-W.-.-._'_'-.- microcanonica
S A I T o el =T @™ % * - .
- PP PbPb - Lhesesee  eessssseee®® | hadronic
B - b cascade
) — full -3 full
10 CcO+4COo 10 = CcO+Co
E sene COTONA E sese COrona
- —am=s COIEC L =t COTE
B | |||||||| | |||||||| 2| |||||||| 3| B | |||||||| | |||||||| 2| |||||||| 3|
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A 07 A
o - EPOS 4.0.0 ALICE (black) o - EPOS 4.0.0 ALICE (black)
v = n vV B
0.6 - 1.5
0.5 F :
: PbPb L
(]4 I I~ . . - -
- N discontinuities
PP e {111 ] =
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saturation
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Colisional component

The core energy loss from the HQ part

P
One-gluon exchange model: reduced IR regulator 3

K M?psrin the hard propagator, fixed on HTL
Energy loss (maximal insensitivity of dE/dx on q*)

1
q2 _K’m%)self (T)

prop

Running coupling o (t)

self consistent Debye mass p TUu and s channels
P, A

1’nDselfz (T) - (1+nf/ 6) 4'7-’:a’eff(InDselfz)T2

D; = lim T/(Mgnp) mp: drag coefficient

p@—vﬂ
A I A I I IN MM
20F R
10— —
Q|
~y 0.2 =]
K O )
(g
GeV =
5 10 50 100 5001000 polGeV] 2 + X
+ Recent IQCD data
[ D D D P B

Comparison with Peigné-Peshier at finite
momentum

1500 250 300 350 400 450 500
T (MeV)
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The core energy loss from the HQ part

Radiative component

k k k
= > [66566 — Aféég > — /{fgg{i
P % P’ P % P P % P’
q + q + 4 +

(a) (b) (c)

Extension of Gunion-Bertsch approximation beyond mid-rapidity and to finite mass
mgq ) distribution of induced gluon radiation per collision (AE, 4 o E L):

2
3a31—x( k| k —q, )

Pg(az,kj_,qu@) =

2 x k2l + wm?g (ki1 —q, )%+ :L'sz

LPM effect for moderate gluon energy

Implemented in EPOS4-HQ through Boltzmann transport
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Charmed/bottom mesons

DD 17 states

Charmed Mesons (C = + =1)
D+ —

oo

b*(2007)0
D*{2010)+
D*({0)(2400)0
D*{0)(2400)+ -
D(1){2420)0
D(1){2420)+ —
D(1){2430)0
D*(2)(2460)0
D*(2)(2460)+ —
D(2550)0
D*({1)(2600)
D*(2640)+ -
D(2740)0
D(2750)

D(3000)0

Particle data Group

DS 10 states

Charmed, Strange Mesons (C = 5 = +-1)
D{s)+—

D*(s)+—
D*(s0)(2317)+-
D(s1)(2460)+—
D(s1)(2536)+

D(s2)(2573)+~
D*{s1)(2700)+=
D*(51)(2860)+ -
D*(s3)(2860)+—

D(s1)(3040)+—
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Charmed/bottom baryons 2

38 states

54 states

TABLE 1I: Masses of the Ag [§ = e, b) heavy barvons (in MeV).

c ) G state M Mo ()] A M ()]
ofl™y 15 2256 226G AR 14) 5620 G621 6]
oLty 25 2760 TG (247 GRE
ity 18 3140 5455
sy 48 3437 6756
oty 55 aTle L5
(k") 65 73 TG
ofk oy 1P 608 2H05.416) 5030
oLy 2P 2055 A30.5(H)? G426
T ap 3308 645
o7} 4P 688 ROLT
U 5P 3852 T1a7
o) i1 7] 2628.118) M2
o7y 2P 3006 G433
UE i a2 (i)
E 4P 06 22
TN 5P anGa 7171
i3ty 0 T4 190
ity b1 3189 526
ity k) F80 811
03" an ara OG0
ofi*y i 288D 26E1.53(35) G196
e a0 3208 B531
ity an 3500 14
sty A 767 T0G3
sy 1F 3087 G408
0§ ) IF 3375 G705
0571 iF 3616 (BT
e 4F an00 7196
oLy 1F TR G411
[ 2F A8 TR
oy GF 3667 B
iy AF a0 7107
ity i Ted 3270 598
o}y 1ed 3546 G857
sty 106 3284 509
oyt 20 564 BSAE
U it 3444 BTAT
0{iL) 15 460 s

arXiv: 1105.0583

TABLE IIT: Masses of the Dg (6 = ¢, ) heavy baryoos (in

MeV.
Qe Q=h
IJ") Qd state M M=F 1] M M1
1N 1§ 2443 2455 76(15) GRS GE0TE(2.T)
144 18 2901 213
1M 45 3271 BET5
11kh a8 3581 GEGH
1155 55 Ju61 7184
11 15 2514 25 18.0(5) SR EZ0.0(3.4)
1M 28 236 2R adn 226
13 35 3293 6563
13" 48 1508 G576
113 58 3873 T
1 LP 2700 2a02(d) 6101
14 P 3172 G440
1117 ap REEE] G756
1 ip 3770 024
1057 g 2713 G55
1147 P 3125 B0
1y ar 56 6742
15 ) ap 3743 TO0E
1 iVl 2708 2a02(4) GODG
117y ap 3172 G430
1447 ap 486 74
17y ar 3768 008
1137y P 2773 2T66.6(2.4)7 GOST
127 2P 3141 fid23
17y ar F4 7365
1137y ap 3753 00
117 1P aTRY fl1fd.
1150 P 3161 B421
157) ap 3475 782
117 ap 4757 (e
1145 i¥2] 3L 6311
14 ap 3370 GE
113N 1 M3 G326
1135 an B35 BBAT
13 Vi) $MD G285
13N w 364 6612
115" i¥:] 3038 F284
15 an 3365 G612
1ih 1D w023 6270
11 20 3349 GEGE
137 10 H013 f26l)
T 0 3342 500
1{37) IF 3288 GEGD
137} 1F b it it}
137} 1F 5254 £l
1637} 1F 3253 il
]qé ¥ 1F a2y 72
137} iy 2200 G450
1] 167 3495 A740
1<) 1G 3463 761
13" il 3444 6688
1{37) e 3442 HEST
1%"}- 167 3410 fitite
1ty 15 H3REG 635
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TABLE V: Massea of the Zg () = ¢, b) heavy barvons with
the axial vector diquark {in MeV).

Charmed/bottom baryons B v e Q=

c Qd stave
W 15 2579 257720 5036
(1h) 28 2053 2071.4(3.3) [
54 states i o5 som7 o687
( 18 3605 TR
L™y 55 W7 TEN
Ly 18 2 2G45.9(0.5) G
38 states L 28 02 (e
) 33 TG [
, - . ) ) (i 43 00 fO84
— TABLE IV: Masses of the Zg (@ = ¢, b) heavy baryons with the scalar diguark (in MeV). ){ +J 55 W T
= d=r Q=5 T i 2046 HI1(6) 6233
—_— 1T d state M M= 1) M M [1) (1 ap 313 611
M) 15 TG 2470 4330 G 5TO0.5(2.7) e P 3630 6915
LM 18 Y 266 7 4P 5912 TLT4
i a3 3823 01 ] P 2551 T
310 48 3032 6913 §10) 2p s267 i
L) i85 000 T1ES Ny 3P 506 B0
LM 08 4166 415 it 4P BRET 164
Wi 1P 2792 2791.8(3.3) 5120 (i P Ps) 13165} 624
3 ) 2p 17 o0 ) 2 o o
L) ap 3500 805 4™y P i) [
i) 4 aTE5 TS LTy 4P 2011 TI6E
17 ar ME Tz 37 1P 212 BEM
127 1P K14 HA6{1.2) G130 (i ap 2293 G594
Wi r 01 G502 i E1:l 13 GO0
i) P s610 10 Ly 4P e Ti58
i) 4 804 w7 Wi 1P 2429 2031(6) 6226
O 2 066 7306 Ly ap 530 6506
! :] [§2] 50 3064.2(1.3) 366 (37 9P 2610 e
i) 0 xs 6660 () 4P 902 T156
() 30 3678 6966 (i 1D 316 BT
iz ) i - e Lt 20 3505 6767
: EI1 1D TG 3079.9(1.4) 6373 (1) i\ g e
ff i) e 3407 606 (i 2D F506 6775
3y ) i 302 970 (i 1D 3160 6131
#e) w o T2 (i 2D 3497 6751
f{ R 1F TR 7T It 0 2166 5133
33 ) .l o a3 %) 20 3501 6751
f.[E ] 3F 3845 114 (3 D . S0
ffg_] 4F 096 A (1) ap 2406 5740
HIT) IF 32992 BAR1
LiF—
E%; ; gi ﬁ '::f: ;,_[é+) 10 3147 3122.8(1.3) f414
g HiH aD 3186 6736
?f%*J 4F 4120 732 id IF 3418 BETS
.*{?u] Im ‘Hﬂﬂ BB i) 1F - .
E{§+] 247 qran TilH %[g_—J 1F 204 BB
s ) 1c L hbbd 130 IF 1303 BEAL
itz ) G 5763 02 ! 1F 373 BG19
1“{131 ] 15 13 33 I IF 3357 BEL0
e | 1 56 (.52 i o - CEET
iih 16 3608 BETE
;[5:3 ile] 3541 BE22
1 15 3582 BE2L
arXiv: 1105.0583 i B ot fren
! 1@ 536G (782




Charmed/bottom baryons

54 states

TABLE VI: Masses of the fig (@ = e. k) heavy baryons (in

TABLE VI {continued)

MeV).
d=c =b
C 1(J7) Qd state M M=P [1] M M= [1]
017 18 2HOH 2605.2(1.7) G064 BOT1(40}
TE 25 3088 6450
03" 35 3480 GR04
i’ 48 3814 7O
o1t 58 4102 TA38
TN 15 9768 2765.0(2.0) GRS
TEN 28 3123 G461
ER 35 3510 GRL1
EN 45 3830 TOG
1TER 55 4114 7343
TEN P 055 6330
03 ) 2p 35 G710
e 3P 4754 O
i 4P 4037 T265
(TN P 206G G330
01 2P 4384 BT06
0(i7) 1P a717 003
1T P 4009 TaaT
027 P 3054 Gl
03 ) 2P 3433 BT05
37) 3P 3752 TINIZ

Q=r Q=hb
I(JF) (2d state M M= 1] M MEP 1]
03" 4P 4036 T258
e 1P 3029 6331
0(27) 2P 3415 6690
027 3P 3737 6998
0(37) 4P 4023 7250
0(27) 1P 3051 6334
0(7) 2P 3427 6700
02~ 3P 3744 6996
o(i~ 4P 4028 7251
i) 1D 3287 6540
0(5") 2D 3623 6357
0(3") 1D 3208 6549
02" 2D 3627 6263
0(2") 1D 3282 6530
02" 2D 3613 6946
02" 1D 3207 6520
o(2*) 2D 3626 646
02" 10 J286 6520
0(27) 2D 3614 6R37
oZ™) 1D 3283 6517
o(I™) 20 3611 6834
o3 ) LF 3533 6763
0(7) IF 3522 6771
0(3") IF 3515 6737
0(3) IF 3514 6736
03 ) IF 3408 6719
0(27) 1F 3485 6713
03"} 17 3730 6052
0z ") 17 3721 6950
0(Z7) 1 aro7 6916
02" 1 3705 6915
0(§7) Te: 3655 6592
o(L™) e 665 6584
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Quarkonia in AA

HF in EPOS4-HQ

[ Open HF in AA J

EPOS4-HQ

Quarkonia in pp

Open HF in pp
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OHF hadrons p; distributions in EPOS4-HQ

Pbe central @ LHC

= PbPb, 4/syy = 5.02TeV, 0-10%

107

|
PbPb, -\f.sNN = 5.02TeV, 0- 10%

PbPb,

sy = 5.02TeV, 0-10%

Very good agreement for all resonances

D°, |y|<0 5 D*, ly|<0.5 Ds, lyl<0.5 —
e ALICE e ALICE \\ e ALICE2018 -
= EPOS4HQ N ALICE 2022
oo = EPOS4HQ 3
"H;

e e | N S |
i | | | | | | | | | | 1
e PbPb, ysyn =5.02TeV, 0-10% PbPb, 4 syy = 5.02TeV, 0-10% PbPb, 4/ syy = 5.02TeV, 0-10%
L Ac, lyl<0.5 =0 yl<05 Q. lyl<05 —
e ALICE — EPOS4HQ —  EPOS4HQ ]
—  EPOS4HQ o ]
N I R EPRR R | SRRV R RPN P lh.. | EEVRRSR RN RSP Bt S S

5 10 15 20 0 5 10 15 20 0 5 10 15 20

pr (GeV/e) pr (GeV/o) pr (GeV/c)
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OHF hadrons p; distributions in EPOS4-HQ

— = =
o O O
L L L

dN / dpydy [(GeV/e)™']
=

_PbPD central @ LHC

A I | | | | I R D R B
= PbPb, y/syy = 5.02TeV, 0-10% ipb\lﬁb, sy = 5.02TeV, 0-10% inPb, sy = 5.02TeV, 0-10% B
D°. WI<0 5 D', lyI<05 —~ Ds, ly|<05 —
1L' D B e N R o ALICE2018 ]
— 10 3 Pbpb, SNN = 502TeV, 0-10% ALICE 2022
T G: ; 0 = == EPOS4HQ 3
3 5 1075} D°, |y<0.5 —e— E
E - o E
: = e ALICE <=
3 ) EPOS4HQ i

L N -2 A A |

= 1077 R

= = 5.02TeV, 0-10%
= 1073 Q. lyl<0.5 —
QF": —— EPOSIHQ ]
3 107 Initial ch _
L - Z sf T nitial charm ]
3 = 107 — - Bf. Hadronization 5
T IR IR RV B }
Tllll?lllWllll
0 5 10 15 20 0 5 10 15 20 0 5 10 15 20
pr (GeV/e) pr (GeV/e) pr (GeV/e)

Largest effect in AA : Energy loss of c-quarks
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V2

0.3

0.2

0.1

0.0t

Elliptic flow in EPOS4-HQ

- PbPb, 4/sny = 5.02TeV, 0-10% I PbPb, 4/syy = 5.02TeV, 10-30% T PbPb, 4/sny = 5.02TeV, 30-50%
—D°, |y|<0.5 ® SP,CMS2009 ——DP°, |y|<0.5 e SP,CMS2009 ——DP° |y|<0.5 e SP,CMS2009 —
i = SP,ALICE2020 T A W{2}:CMS2022 T A {2} CMS 2022
—  EPOS4HQ " v,{4}: CMS 2022 = v,{4}: CMS 2022
— — = EPOS4HQ —  EPOS4HQ
L L]
® :*L. ®
| | L | |
0 2 4 6 8
| | T | |
GeV/c GeV/c i
pr (GeV/e) pr (GeV/e) L PbPb, A[syy = 5.02TeV, 10-30%
0.3—D° |y|<0.5 ® SP, CMS 2009 —
| — Initial A V»{2): CMS 2022 |

» Good agreement with data, maybe some excess at

large py (one should investigate path length anisotropy 0.2F
~ I

in the bulk)

» Most of the v, generated by the interaction of the c-

quarks with the QGP

- === Bf. hadronization = {4} CMS 2022 -
Before UrQMD === After UrQMD

0.1f

0.0f

pr (GeV/e)
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Hadronization of heavy quarks

» Recent effort of theorists to compare their hadronization schemes at the end of the QGP

dN,/dp- of the direct D° meson produced by a c-quark with p.=3 GeV and 10 GevV  Jiaxing Zhao et al., 2311.10621

[ | | I Il ! . . | ]
L (@ Pure } ® | Mixed Fragmentation- i Do D,, A,
| 1 I . . p 9 9 9
15 Recombination 1 i Recombmlatlon Catania ]
% Pec = 3 I i Pe = 3 i s Duke
DY =10 £ | i — BT
= I i P Nantes (old)
=] L | = [ e N
z i De 1:0 antes 1
05— —1 ! ——PHSD —
: T — TAMU
0 3 5 10 15 0 3 5 10 15

o1 |GeV| of D meson b1 |GeV]| of D meson

» Diversity => things to learn ! ... Hadrochemistry of Heavy Flavor will be a major subject of
investigation for ALICE 3.

» But also in small systems like pp (many signs of collectivity in small systems => QGP ?)

)
GD L L L L L LN LA N N B B B B - O T T T T T TTTTT T T T 1T T 1] :‘u 1 ALICE _ Tev _|
— 1.4 e — — (] £ 7 -~ —8— pp, Vs=5.02Te
to C ALICE VSwn=5.02TeV, y| <0.5 N = Q?ALICE vl < 0'5_: L ——— PYTHIA & (Monash) i
L - 1= L — .
T 1ok d  <1.8Fepp is=13TeV —stat. ~SHMe o | e PYTHIA 8 (CR Mode 2)
; 1.6E ¥ pp. f5=502ToV [Jeyst. * Catania J i _— gfg:‘i’:i;gm.mal_ |
1? —=— 0-10% Pbh-Pb ] E 4 p-Pb, 8 = 5.02 TeV extr. & TAMU = B M. He and R. Rapp:
i e 30-50% Pb_Pb - 1.4E & Po-Pb, |5, =5.02 TeV [ total o PYTHIA 8 S
0.8~ ° — 1.2F ¢ Au-Au, |5, = 200 GeV = SH model + RQM
C ——Pp ] J& STARPRL124 2020} 172301 3
061 %‘&L E 0.8 =
o4l *H - 0.6] b E E E
- B & . 04 @ e T o =
0.2~ E 0.2F E
TR I N R SN NS SR B S BT RA S E AT T IT RS T B
0 10 15 20 1 10 10° 10°
GeV/c
p. (GeVic) CIUNEL e p. (GeVic) 42



2023: Bundle 4: EPOS4-HQ

hydro Kolb Heinz VHLLE (O viscosity) Viscous VHLLE
Init cond (soft)  Glauber EPOS EPOS4
Init state No Yes Yes

fluctuations

hadronization Covar. Inst. Coal + frag Same New scheme
HQ production  FONLL (p) + Glauber FONLL (p) + EPOS (space): EPOS4
(space) position of NN interactions
CNM No shadowing, initial k; EPS09 EPOS4
broad.
Hadronic None None URQMD
interaction

Still no modification of the ELOSS model... maybe as an outcome of the
comparison

In the following results : elastic + radiative



OHF hadrons p+ distributions in EPOS4-HQ

Yield ratios in PbPb @ LHC

I I | T T T T T T T ]
L PbPb, 4/ syn = 5.02TeV, 0-10% 1 PbPb, 4/syn =5.02TeV, 0-10% + PbPb, 4/syny = 5.02TeV, 0-10%
LSFa /D0 e ALICE 120 1 D,/D° ® ALICE 2018 |
o | + EPOS4HQ | —— EPOS4HQ ] ALICE 2022 ]
= L 1 + m— EPOS4HQ 1
E 10F —+ —+ —
= I 1 1
5 | 1 I
=L 1 I
o5 A4 1 1 _
OG_l....l....l....|....|"....|....|....:....|"|. A P B B B
0 5 10 15 200 5 10 15 200 5 10 15 20
pr (GeV/c) pr (GeV/c) pr (GeV/e)

» Experimental trends well reproduced

» Need for more precise data to improve the hadronization “chemistry”
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hadrons p; distributions in EPOS4-HQ

Raa

>

Raa

25

2.0

1.0F

0.5
0.0

1.5

1.0

0.5

0.0
2.5

20

0.0

1.5

. PbPb, /syy = 5.02TeV, 0-10%
L Averaged D°, D, D™, |y|<0.5

— = Bf. hadronization
Bf. UrQmMD

|...| 4 PR ||...|
LR} t -+

=

- Initial ® ALICE 2022
O ALICE 2018 _4
After UrQMD

- 10-30%
- Averaged D°, D", D™, |y|<0.5

EPOS4HO

— e

1.5F

— + ——— | $ — -+ |
- 30-50%
L Averaged D°, D", D, |y|<0.5

~— = Bf. hadronization
Bf. Ur@mMD

"::1'_-
l—_

= Initial ® ALICE 2022
= After UrQMD"™;

10° 10!

pr (GeV/c)

L
102

1.5

1.5

Raa
f—t
L]

S 1.1::-;

0.5}

R

0.5

0.0F

1.5

0.0f

) I
| PbPb, 1/3N'N = 5.02TeV, 0-10%

0.0k

. Prompt Dy, |y|<0.5 ]
[ ® ALICE ]
—— EPOS4HQ |
[ t i:iilili t t iiIHII IH,_-
- 10-30% B
- Prompt D, |yv]<0.5
- — EPOS4HQ ]
[ t :=:::::I t :::::::I :::i_-
L 30-50% ]
- Prompt D, ly|<0.5 -]
[ ® ALICE
EPOS4HQ
- N I e
10° 10! 10?
pr(GeV/c)
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hadrons p; distributions in EPOS4-HQ

PbPb semi-central @ LHC

R B R

- PbPb, \syy = 5.02TeV, 0-10%
- ly|<2.4 EPOSHQ
3 —_ g ?
'_ . — Nonpmmthiw_E
N h
“’ —- ~ :

pr (GeV/c)

2.5

2.0}

< 1.5_

0.0

— i I A IR

[ PbPb, 4/syy = 5.02TeV, 0-100%
B, lyl<2.4 .
® CMS 2022 |
— EPOS4HQ |
- N N N =
10° 10! 102

pr (GeV/c)

Very good agreement for all resonances
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hadrons p; distributions in EPOS4-HQ

= = = f— =
o o o o ©
Lok oL Lk

dN/Qap,dpdy) [(GeV/e)™?] dN/Qrpydp,dy) [(GeV/e)™?]
=

AuAu Central @ RHIC

g T r Tt
[ AuAu, 4/syy =200GeV, 0-10%

p—
o
(=]
TT

| | [ [ R B
AuAu, \jsNN = 200GeV, 0- 10% AuAu, 4fsyy = 200GeV, 0-10%

D", lyl<1.0 Ds, ly|<1.0
= EPOS4HQ ® STAR
EPOS4HQ

D°, lyl<1.0
® STAR
EPOS4HQ

i_AuAu, sy = 200GeV, 0-10%

AuAu, 4/ syy = 200GeV, 0-10%
Qc, lyl<1.0
— EPOS4HQ

AuAu, 4fsyy = 200GeV, 0-10%
= lvl<10
— EPOS4HQ

Ac, Iyl<1.0
— EPOS4HQ

pr (GeVje) pr (GeV/c) pr (GeV/c)
Very good agreement for all resonances
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hadrons p; distributions in EPOS4-HQ

— ——
. AUAU, 4/ syn = EDUGB\}, 0-10%
2.0 prompt 0°, Jy|<1.0

[ = [nitial a STAR
1.5 — - Bf. hadronization —]
Bf. UrQmD After UrQMD 4
&: 1.0 - T et T -._"

D'D_ 3 I 1 1 f I t 1 ¥ | t 1 i | t —
- 10-40%
2.0 prompt 0°, 1y|<1.0

: e STAR ]
1.5 =]

pr (GeV/c)

Very good agreement for all resonances
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Elliptic flow in EPOS4-HQ

AuAu @ RHIC

A A e 1 O I L L

i AUAU, 4/ syy = 200GeV, 0-10% T AUAuU, 4/ syny = 200GeV, 10-40% ]
0.3—D° |y|<1.0 ——D° |y|<1.0 —

i i e STAR ]

— EPOS4HQ + —  EPOS4HQ
0.2~ 1 + —
- '
¢
T R B B B
0 2 4 6 8
pr (GeV/e) pr (GeV/e)

» Slight underestimation around 3 GeV/c... probably need sPHENIX data
before concluding
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